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THE ACCUMULATION OF in- 
secticides, fungicides, and herbicides 
in soils and the resulting phytotoxic 
effects have already posed majbr 
problem@. That chemical fertilizers 
greatly increase the toxicity of soils 
which have been treated with these 
biocided2 only increases the serious- 
ness of the situation. Fortunately, 
however, the adverse effects of bio- 
tides can be overcome by supplement- 
ing soils with biologically active forms 
of humus which have a high exchange 
capacity and supply energy and nu- 
trients. In some cases, this beneficial 
action may be attributed to the ability 
of humus to chelate the lead, copper, 
mercury, zinc, and arsenic in certain 
biocides. The specific role of soil or- 
ganic matter as a complexing agent for 
metal; 5’ and :kc ixcceg: sf the soil 
solution as a metal-buffer will be dis- 
cussed in detail at a later date. At 
present, we will concern ourselves 
here with paradoxical toxic effects 
which may have very serious implica- 
tions with respect to the dangers of 
biocides. The unique aspect of these 
paradoxical effects is that toxicity ac- 
tually increases as the concentration 
decreases!” This present paper will 
discuss paradoxical effects from a 
broad, comparative biochemical point 
of view to show that they occur widely 
throughout nature and what mechan- 
isms are responsible for some of these 
phenomena. This information will 
provide a background and perspective 
for better understanding those para- 
doxical effects that have been reported 
in soil-plant systems which will be 
reviewed in a subsequent publication. 

action, and side effects. Some of this mic substances, such as certain hesky 
information c&n cor;veniently be pre- metals, are stimulatorv at low concen- 
sented ‘jn the form of a time-response 
curve. This shows how much of an 
effect is produced by a given dose at 
different periods of ,time following ad- been encountered. Here, over a given 
ministration of the agent. Such a concentration range, a compouni 
curve tells, for example, how soon the may be more toxic at lower than at 
effect develops and how long it per- higher doses (Figures 3 and 4). This is 
sists. A dose-response curve, on the unusual because inhibition is actually 
other hand, reveals the quantitative reduced, overcome, reversed, or an- 
reknionship between the concentra- tagonized by simply adding more of 
tion of the particular agent and the the same inhibitor! In such systems 
magnitude of the effect. where dose of the toxic factor is the 

It is generally assumed that dose- only variable, the antidote for the 
response curves are or should be toxic agent is more of the same agent 
sigmoid on arithmetic coordinates. I itself! 
and straitit lines when plotted loga- In this paper, we will consider these 
rithmicly (Fig. 1). Such curves are paradoxical effects where toxicity first 
often produced by both growth-en- increases, then decreases, and final’.. 
hancing and growth-inhibiting agents increases again as the concentration cyf 
where the et?‘Pct may be directly or in- the inhibitor increases. Such effects 
versely related to the concentration of occur more frequently than one wou!d 
the substance tested. Because these ordinarily assume. Furthermore. the!r 
curves are so frequently encountered, theoretical and practical important: 
they have at times been used to define in biology, medicine, agriculture, and 
dose-response relationships. But sig- . 
moid and other curves (Fig. 2) which 
cannot be represented by single straight 
lines are also obtained on logarithmic 
coordinates.1 In all these cases, how- 
ever, the effect generally increases with Ei 
the concentration of the variable. $ 

Other kinds of dose-response curves lp” 
are also known. So-called oligodyna- 2 

? 
A 

P 
;p” Vi 

1 

2 
Concentration 

Dose-Response Fig. 2. Three dose-response curver that ore no+ 

The important properties of d rtroight lines on a logarithmic grid.’ 

nutrients, inhibitors, and other bio- many other fields, has not yet been 
logically active agents include fully appreciated. We propose to shoL\- 
eflicacy, toxic level, mode and s that paradoxical etrects are not iso- 

lated phenomena-, but are broad!:, 
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operative and of widespread in!- 
portance in the biochemistry and 
physiology of many living system, 
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Example of a Paradoxical Effect 
Paradoxical effects appear as dips 

in dose-response curves. This is illus- 
trated in Fig. 4 which shows the in- 
hibition of Salmonella typhitnuriurn by- 
adenine. Note here that 10 micrograms 
of adenine per milliliter definitely re- 

Cfmcentraticm 
Fig. 3. Curves on arithmetic coordinates showing 

oligodynomic (A) and paradoxical (6) effects. 

tarded growth whereas twice this con- 
centration and, in some cases, three 
and even four times as much adenine 
are less inhibitive. The paradoxical 
effect occurred, moreover, with each 
of four different levels of thiamin 
(which this organism requires for 
growth) and the dips in all curves ap- 
peared at the same concentration of 
adenine. Some curves showing para- 
doxical effects in other systems have 
ISO dips.3, 5O From a comparative 
biochemical point of view, it is in- 
teresting that 8-hydroxyquinoline (ox- 
ine)’ and certain aminopyrazolopyri- 
midines,s, 25 which are structurally 
somewhat similar to adenine, also 
produce paradoxical effects in their in- 
hibition of microbial growth. 
Terms Used To Designate 
Paradoxical Effects 

Different investigators who have 
encountered these peculiar concentra- 
tion phenomena have described them 
in such terms as paradoxical effect,*, ’ 
paradoxical zonal effect,* paradoxical 
zonal susceptibility,8 paradoxically re- 
tarded bacterial action,8 zone phe- 
nomenon.8, 9, 10 zonal susceptibility,B 
zoning, 10 inversion phenomenon,1’ 
inversion growth,‘2, 13, ‘4 bimodal 
dosage response,” bimodal curve,ls 
polymodal curve,ls biphasic activity 
curve,‘* diphasic effect,“’ folded 
‘curves,17 broken lines.18 secondt,growth 
stimulation,19 concentration quench- 
ing,’ phengmenon of the double in- 
hibition maximum,Q and death zone.20 
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Fig. a. Inhibition of growth of S. fyph~murium by 
adenin; .ofter 24 hours. Lightly-inoculated cul- 

~turer were set WI bccordina-to -a procedure al- 
ready described.z The number on each curve in- 
dicates the amount of thiamin in that particular 
culture. 
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Failure To Recognize Paradoxical 
Effects 

In some cases, paradoxical effects 
have nbt* been observed because they 
occurred above or below the concen- 
tration range which was tested, or at 
intermediateconcentrationswhichwere 
not tested.3t. 37 In other cases, where 
paradoxical effects are clearly evident 
in data or curves, most authors do not 
even mention these inconsistencies in 
discussing their findings. Most readers 
likewise take no account of dips in 
dose-response curves or data. It 
would be surprising, for example, if 
all 200 compounds tested for anti- 
microbial and antitumor activity in 
one particular study gave only sigmoid 
curves as was rep0rted.l’ A review of 
cancer chemotherapy considered only 
one kind of dose-response where 
survival curves rose as the concentra- 
tion increased, but then dropped 
after a certain dose was exceeded.?? 
For both microbial and tumor in- 
hibition some substances definitely ex- 
hibit paradoxical effects. In plant nu- 
trition and crop yields, it has been 
“emphasized that sigmoid curves, or 
parts of sigmoid curves, are often ob- 
served for all the ordinary plant nu- 
trients when the experiments are per- 
formed with highest precision: that is, 
with a very small experimental error 
and with a growth medium highly de- 
ficient in the nutrient in qiIestion.“z3 
However, the very paper which makes 
this allegation includes two sets of ex- 

perimental data which clearly show 
paradoxical effects not mentioned by 
the authors. These three examples 
have been selected to show how we 
are conditioned to think in terms of 
sigmoid or linear dose-response rela- 
tionships. So we attribute deviations. 
when we notice them at all, to expzri- 
mental error or experimental vaiG- 
bility. Although this assumption is 
often correct, it ignores some problems 
that will eventually have to be recog- 
nized. 

The fact that careful statistical trest- 
ment of experimental data does not 
reveal paradoxical erects does !:ot 
mean that such phenomen’a do :lot 
exist. On the contrary, statist&l 
methods can most effectively prev?nt 
recognition of paradoxical effects 5c- 
cause the mathematics employed in 
statistical analyses do not consider 
these phenomena. With scattered 
points, statistical methods are used to 
determine where the strai_pht line or 
smooth curve should be drawn. The 
whole statistical approach -assumes 
that these would be the ideal curies. 
Deviations or irregularities caused by 
paradoxical effects are treated as ts- 
perimental errors or esperimer:al 
variation. It is, therefore, paradoxical 
that statistics. employed to mininlize 
or avoid mistakes, can be responsiJk 
for concealing paradoxical effects. 

Are Paradoxical Effects Real? 
Because paradoxical effects are so 

unusual and contrary to most precen- 
ceived notions, we will quote from 
original sources to avoid misinterprzt- 
ing the reports of investigators ~50 
have specifically taken note of irregu- 
larities in their data. The following ex- 
amples have been selected. because 
they are unequivocal paradoxical ef- 
fects produced by a wide variety of 
chemical agents in microbial, plant. 
and animal systems. l 

When Pace “noted . . . two opti;na 
. . . in the growth curves” of Amoeba 
proteus with increasing concentrations 
of MgCl,, he “qt first . . . thought that 
this was due to experimental error, 
but” duplicate experiments with this 
and several other salts alone and in 
combination, showed “at first an in- 
crease in numbers of amoebae wirh an 
increase in salt concentration. This is 
followed by a decrease in numb<t;s. 
However, with further increase in 
concentra!ion the amoebae increase !n 
numbers until a second optimum is 
reached which is followed by a de- 
crease in numbers of amoeba with in- 
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creasing salt concentration.“24 Fuerst 
er al. repeated an experiment on the 
effect of a pyrazolopyrimidine on 
Neurospora cra.s~a eleven times, but 
always got the same result: “The 
dose-growth curve went down at. first 
and turned upwards when the concenl 
trations were higher.“sT 

Horsfall and Rich discussed the 
dose-response curves of antifungal 
8-quinolinol compounds with “two 
peaks” where “toxicity . . . increases 

. between the . . , peaks . . . as con- 
centration decreases.” They said that 
“this is easy to write off as experiment- 
al error, but it definitely is not. No 
very certain explanation for this 
phenomenon exists.“‘5 Albert, who 
studied the antibacterial properties of 
oxine, asked: “Who would expect the” 
toxic “effect of any biologically active 
substance to decrease as the concen- 
tration is increased? However, a few 
instances have been found where this 
does occur.“’ Diamond et al. raised 
two important questions in connec- 
tion with the effect of tetramethyl- 
thiuram disulfide on molds: “(a) How 
can a single toxic agent pass through 
two distinct dosage regions, each with 
its characteristic LD-50 and slope 
values? (b) How can a material be- 
come more toxic on dilution?“lB 
Jefferson and Sisco found that “pro- 
gesterone surprisingly caused an in- 
hibition” of Aspergillus niger “at low 
concentrations and a stimulation at 
higher ones.“26 Penicillium ochro- 
chloron, according to MacMillan er 
a1.,27 was inhibited by intermediate but 
not by high or low concentrations of 
CuSO’. After working independently 
with the same organism, Basu et al. 
concluded: “copper is . . . toxic to” 
Penicillum ochro-chloron “as expected, 
but . . . through some mechanism 
harmful doses are absorbed only at 
certain copper levels of the medium.“‘9 
The effect of urethan on the phago- 
trophic chrysomonad Poteriochrom- 
onus stipitata was paradoxical. “Final 
concentrations of 10 and 50 micro- 
moles of urethan inhibited endogenous 
respiration, but increased oxygen con- 
sumption was observed with l and 
100 micromoles.“2* 

Various paradoxical effects have 
been reported in higher plants. Ploquin 
and Ploquin, who studied the effect of 
boric acid on the germination of 
wheat seeds, commented: “We wish 
to direct attention to an observation 
that we have confirmed by j,repeating 
the experiment several tiines with 
several groups of 100 seeds: the curve 

obtained with boric acid exhibits two 
maxima and these do not seem to be 
due to experimental error.“29 

The effect of trans-caffeic acid on 
growth of the A ve/la coleoptile showed 
“two maxima in a very significant 
way. In a second experimental series 
. . . the minimum . . . is even more 
obvious. It is not possible as yet to 
give a well-founded explanation for 
this peculiar concentration effect.“30 
“Morin . . . behaves in a diverging 
way” in its effect on wheat roots in 
nutrient solution. “In rather low con- 
centrations the growth is distinctly in- 
hibited, wliereas somewhat higher con- 
cenhations are less inhibitory.“31 With 
A wnb “seeds after-ripened for four 
months . . . the embryos show two 
responses to gibberellic acid with 
distinctly different concentration op- 
tima . . . If the seed is mature but not 
after-ripened, the embryos show a 
response only to the high range of 
concentrations.“32 In studies on the 

/elongation of wheat roots, “the tox- 
icity of Magnamycin . . . was increased 
with decreasing concentration . . . The 
reason for this response is not 
known.“33 Borst Pauwels found that 
low levels of potassium iodide in- 
hibited’s both flax and white clover 
while higher levels stimulated. “It is 
interesting,” he pointed out, “that the 
growth . . . was markedly depressed 
by the l&vest dose of iodide, a fact 
which we are usable to explain.“34 

Thompson and Pace were surprised 
when they encountered paradoxical 
effects of sulfite, bisulfite, and sulfate 
on human and mouse cells in tissue 
culture. “At present,” they wrote, 
“this phenomenon is not understand- 
able. It is inconceivable that a sub- 
stance should have a greater toxic 
effect at a low . . . than at a high con- 
centration.” Nevertheless, that is 
precisely what occurred in their ex- 
periments and in the experiments of 
many others. 

“The curve of inhibition” of human 
prostatic acid phosphatase “by fluor- 
ide as a function of fluoride concen- 
tration differs from that found with 
other inhibitors in the occurrence of a 
point or region of maximum inhi- 
bition.“” There is “an unusual pat- 
tern of inhibition, which earlier in- 
vestigators had evidently missed as a 
result of the more restricted range of 
conditions which they employed . . . 
As the fluoride concentration is in- 
creased over a thousand-fold range. 
the extent of inhibition rises, attains a 
maximum which . _ . may approach 

loo%, and subsequently falls (general- 
ly not to zero in the range of concen- 
tration used). A secondary rise of in- 
hibition at still higher fluoride concen- 
trations may or may not be observed 
. . . The distinctive feature . . . is the 
decrease of inhibition at high fluoride 
concentrations.“37 “The protection” of 
human prostatic phosphatase against 
thermal denaturation “at varied con- 
centrations of fluoride” also “pnsses 
through a maximum. This curve 
parallels the corresponding inhibition 
curve.“3* 

In studies of ‘the effect of dini:ro- 
phenol on the respiration of blcTt\-fy 
thoracic muscle sarcosomes, “the :::ost 
interesting point . . . is the etfecr of 
different concentrations . . . on the es- 
terification of phosphate. Low con- 
centrations . . . sharply decrease the 
amount of esterified phosphate, but 
further additions increase it again. un- 
til . . . the esterification of phosphate 
is actually . . . greater than in the 
absence of dinitrophenoL”39 A F;xrz- 
doxical situation was encol!ntereJ in 
the process of assaying 9-fluorh;,J1 o- 
cortisone in adrenalectomized c!ogs. 
Very small doses of the steroid ca:!jed 
sodium retention. but larger Cases 
caused sodium loss.““J In the treat- 
ment of diabetes, the “paradoxical 
fact” has been noted “that exce: c LIZ- 
sulin uction can produce hSvpergiy- 
cemia.“” It is “a paradoxical fact that 
hypoglycemia begets hyperglycemi ~.“‘2 

Mechanisms of Paradoxical Effects 
The mechanism or mode of action 

of paradoxical effects has been eiuci- 
dated for some systems. In cerrsin 
cases, it is due to different biochemical 
or physiologic effects that become 
operative at different concentrations.40 
Or, several enzymes in an integrated 
biochemical pathway may vary in 
their susceptibility to an inhibitor or 
to intermediate products which ac- 
cumulate as a result of inhibition. Un- 
der these conditions, the net activity of 
the overall system may vary para- 
doxically as the concentration of the 
inhibitor increases.39 

In other cases, the purely qusnLita- 
tive increase of one constituent irtro- 
duces qualitatively new molecolar 
species which may have entirely d’ Tcr- 
ent properties from the hubstance .!-.at 
is added. This can occur in diiTt:renr 
ways. For example, the above-m?n- 
tioned paradoxical etfects of !‘uo- 
ride,36, 37, J* have been attrlbutc.: LCI 
the formation of polymers. The in- 
hibitor is believed to be the dimer 
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HF1-which combines with some elec- 
tropositive group on the enzyme with 
which the substrate normally asso- 
ciates. “A higher polymer, probably 
(HFM-, also combines with this 
group, but can be displaced by sub- 
strate to some extent; the tetrame;, . 
therefore, acts to protect some of the 
enzyme from the dimer, and inhibition 
drops below its maximal level at high- 
er fluoride concentrations, where this 
form appears in significant concen- 
trations.“a’ 

The formation of new molecular 
species also occurs .in systems where 
coordination takes place. Metal com- 
plexes can be quite diKerent in their 
biological properties, from free metal 
ions or Iigand molecules alone. More- 
over, the biological activities of differ- 
ent metal complexes will vary greatly 
depending on the metal: ligand ratio 
and which metals have been coordin- 
ated. The following three examples 
show how such systems can operate 
paradoxically. 

In a strictly chemical system, some 
curves for the oxidative deamination 
of glycine show a pronounced dip in 
the rate of reaction as the concentra- 
tion of copper is increased in the 
presence or absence of fixed amounts 
of citrate, malate, mandelate, salicyl- 
ate, and resorcinol.43, 44 With constant 
amounts of glycine and copper, a 
paradoxical effect also occurred when 
the concentration of salicylate” or 
NaOH45 was increased. In some of 
these experiments, there were one, 
two, or three levels of alkali for which 
the rate of the reaction was maximal.3 
In other words, certain curves had as 
many as three peaks with two dips 
in-between. Similar paradoxical effects 
also occurred in the oxidative deamin- 
ation of alanine when the concentra- 
tion of NaOH was increased” 

In these systems, the most important 
factor determining the rate of reaction 
is the solubility, composition, and 
stability of the complexes, and all 
these properties are altered by a 
change in alkali concentrati0n.u As 
more NaOH is added, the following 
complexes which contain decreasing 
amounts of glycine are formed: [Cu 
(NHYCH&OO),]~-, [Cu (NH2-CH2- 
COO)2 (OW212-, and [Cu (NH2-CHY 
COO) (OH),]? 

Finally, only [Cu (OH),]z- which 
contains no glycine at all is produced. 
The rate of oxidative deamination 
varies paradoxically becauscz, these 
complexes, which are intimaiciy in- 
volved in this reaction, dialer greatly 

in their composition, stability, and 
solubility. 

A somewhat analogous paradoxical 
effect in a biological system was 
caused by different calcium:dipicolinic 
acid complexes. As increasing amounts 
of calcium were added to a bacterial 
spore suspension in the presence of a 
constant concentration of dipicolinic 
acid, germination was first inhibited, 
but then stimulated. This was due to 
the different biological properties of 
complexes formed in sequence. The 
free ligand acid, which was originally 
present and enhanced spore germina- 
tion. was ccinverted to the l:? com- 
plex t,hat was inactive. The addition of 
more’ :calcium, however, converted 
this I:2 complex to the 1:l &elate 
which, like the free ligand, favored 
germination.“’ 

The paradoxical effect of dithio- 
carbamyl compounds on the growth 
and respiration of various fungi has a 
similar explanation. As the concen- 
c ration of dithiocarbamate is in- 
creased, the toxic 1:l copper complex 
is formed first. Beyond this point, the 
addition of more inhibitor resuhs in 
less inhibition, because the toxic 1:1 
complex is converted to the insoluble 
1:2 co&er:dithiocarbamate chelate. 
The further addition of dithiocarba- 
mate again produces inhibition be- 
cause of the formation of zinc, man- 
ganese, irob, and other heavy metal 
complexes which are less stable than 
those of copper.“, 48 

Are Paradoxical Effects 
Reproducible? 

The criterion of reproducibility is 
often applied to determine whether an 
effect is real or due to experimental 
variability or experimental error. It is 
therefore paradoxical that paradoxical 
effects are not always reproducible 
in the ordinary sense. According to 
Goksoyr who elucidated the mechan- 
ism of the paradoxical effects produced 
by dithiocarbamates: “The degree of 
inhibition ‘of the 1: 1 copper complex 
is extremely variable in all experiments. 
The reason for this is not clear.“ll He 
did feel, however, that the amount 
and nature of heavy metal contamina- 
tion, especially copper, in the medium 
could influence the response of an or- 
ganism to a dithiocarbamate. He also 
considered that size of the inoculum 
might be imp~~rtant iu this respect, be- 
cause cheniic:li ~ontarninution is often 
introduced in tl~is way. 

For tem!~cra!ur~-ili~!:iced paradoxi- 

cal effects on bacterial growth. “con- 
ditions are very critical and small 
changes in the medium composition 
or presence of residual detergent in 
the test tubes will influence the expsri- 
mental results.“49 Moreover. the para- 
doxical results which were clearly ap- 
parent after 24 hours incubation were 
no longer evident after 48 hours, be- 
cause all cultures had by then de- 
veloped maximum turbidity. In addi- 
tion to substances present in trace 
amounts, the nitrogen, carbon, and 
energy sources available to an or- 
ganism may likewise determine wheth- 
er paradoxical effects occur.I’J. 19 Since 
pH affects the stability of metal com- 
plexes, it is not surprising that pnx- 
doxical effects may appear only \vithin 
certain p-H ranges.‘3 

The paradoxical effect of progesrer- 
one on Aspergillus rligcr was confirmed 
by repeated experiments which all 
gave dips in the growth curves. But 
the shape of these curves varied be- 
cause maximum inhibition of gro\vth 
did not always occur at the same con- 
centration of steroid. The dips in the 
curves therefore, appeared at different 
points from one experiment to another. 
The paradoxical effect of adenine on 
growth of Sdmmllo t~pl~imrri~rru, 
which has already been described, also 
depended on a light inoculum ::nd 
was detectable only in certain media 
and only after one day incubation. 
After 48 hours, maximum growth had 
occurred with all concentrations of 
adenine. Here, too, replicate experi- 
ments often gave curves with dips cor- 
responding to different adenine levels. 

One other factor which may de- . 
termine whether a paradoxical affect 
will occur is the organism itself. 
Different organisms and even differ- 
ent strains within the same species 
vary considerably in their biochemical 
and physiological behavior. This is 
illustrated by the fact that dithio- 
carbamate produced paradoxical ef- 
fects with some molds, but not 
others.‘? Also, the paradoxical effect 
of dipicolinic acid on spore germina- 
tion was “an exception” which oc- 
curred with only one strain of bac- 
teria among many that were studied.47 

Conclusions 
Paradoxical effects have heretofore, 

not attracted the attention they merit 
because the reports are scattered 
throughout many fields. For tljis 
reason, most investigators u-ho cn- 
countered these phenomena were not 
aware of similar findings in other 

Spring, 1964 29 



disciplines.50 These effects have there- 
fore, been looked upon as isolated 
cases. Actually, however, they com- 
prise a distinct grolrp of dose-response 
reactions, each including a concentra- 
tion range characterized by m&e i’n- 
hibition at the lower level. The unique 
aspect of the paradoxical effect is that 
inhibition or toxicity is overcome by 
simply adding more of the original in- 
hibitor or toxic agent, and nothing 
else. In other words, more of the same 
thing produces a diameterically op- 
posite effect; that is, a purely quanti- 
tative change in one constituent 
transforms the system qualitatively. 

The mechanism or mode of action 
is unknown for most paradoxical 
effects but has been elucidated in 
some cases. Since all biological sys- 
tems operate via metal complexest it 
is not surprising that certain para- 
doxical effects are due to the forma- 
tion of a family or series of metal 
complexes with members which differ 0 
in biologic properties. Chemistry is 
replete with reactions which reverse 
themselves in the sense that pre- 
cipitates are solubilized by an excess 
of the precipitating reagent. Similar 
phenomena may be involved in those 
paradoxical effects which are due to 
metal complexes. Other modes of ac- 
tion, however, are also known. 

Paradoxical effects occur more fre- 
quently and are more widely dis- 
tributed throughout biological sys- 
tems than one would ordinarily as- 
sume from the scattered reports. Un- 
der certain conditions, such diverse 
forms as bacteria, protozoa, algae, 
wheat, and mammals have all ex- 
hibited these phenomena when their 
growth, inhibition, respiration, en- 
zymes, or other vital activities were 
treated with different concentrations 
of various agents. Paradoxical effects 
have been produced by radiation, 
temperature, mutagenic arid carcino- 
genic chemicals, fluoride, steroid hor- 
mones, dexlran, detergents, trace met- 
als, herbicides, fungicides, insecticides, 
germicides, antibiotics. drugs, and a 
host of other agents. Subsequent ar- 
ticles will discuss each of these groups 
separately and in detail. Since numer- 
ous chemical and physical agents cause 
paradoxical effects by diirerent me- 
chanisms in many biological systems, 
rhese reactions will no doubt become 
increasingly important in pharmacolo- 
gy, tosicolo~y, chemothert\py, drug 
idiosyncracics, air pollution+: chemical 
carcinogen&, fluoridation, fallout, 
radiation elrects, nutrition, biogeo- 
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chemistry, the weathering of rocks and 28. 
m’nerals, soil formation and soil fer- 
tility, crop production, and many 29. 
other areas. 
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